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The budding yeast histone H3 variant, Cse4,
replaces conventional histoneH3 in centromeric
chromatin and, together with centromere-
specific DNA-binding factors, directs assembly
of the kinetochore, a multiprotein complex
mediating chromosome segregation. We have
identified Scm3, a nonhistone protein that
colocalizes with Cse4 and is required for its
centromeric association. Bacterially expressed
Scm3 binds directly to and reconstitutes a
stoichiometric complex with Cse4 and histone
H4 but not with conventional histone H3 and
H4. A conserved acidic domain of Scm3 is re-
sponsible for directing the Cse4-specific inter-
action. Strikingly, binding of Scm3 can replace
histones H2A-H2B from preassembled Cse4-
containing histone octamers. This incompati-
bility between Scm3 and histones H2A-H2B is
correlated with diminished in vivo occupancy
of histone H2B, H2A, and H2AZ at centromeres.
Our findings indicate that nonhistone Scm3
serves to assemble and maintain Cse4-H4 at
centromeres and may replace histone H2A-H2B
dimers in a centromere-specific nucleosome
core.
INTRODUCTION
In eukaryotes, the segregation of replicated chromo-
somes in mitosis and meiosis is specified by a discrete
locus on each chromosome, the centromere, which di-
rects chromosome attachment to the spindle apparatus.
The linkage of centromeres to spindle microtubules is
mediated by the kinetochore, a multiprotein assembly of
extraordinary structural and biochemical complexity thatdrives sister chromatids to opposite ends of the mitotic
spindle, thereby ensuring equal inheritance of duplicated
genomes in each daughter cell (Choo, 1997). Genetic
and biochemical studies over the past decade have pro-
vided insights into the molecular nature of centromeres
and kinetochores. These include the apparent epigenetic
character of centromere inheritance (Karpen and Allshire,
1997; Cleveland et al., 2003; Carroll and Straight, 2006),
the identification of kinetochore components as the
source of a cell-cycle checkpoint regulating the onset of
anaphase (Lew and Burke, 2003; Cleveland et al., 2003),
and the striking evolutionary conservation of key kineto-
chore proteins and regulatory factors from fungi to mam-
mals (Kitagawa and Hieter, 2001; Westermann et al.,
2003; Wieland et al., 2004; Meraldi et al., 2006).
Members of a family of histone H3 variants, termed
CenH3, replace conventional histone H3 in centromeric
chromatin and are a universal component of active centro-
meres (Smith, 2002; Henikoff and Dalal, 2005). The asso-
ciation of CenH3 with conventional core histones H2A,
H2B, and H4 in centromeric nucleosomes is thought to
provide an architectural foundation for assembly of other
components of the kinetochore, comprising over 70 dis-
tinct polypeptides in budding yeast (Westermann et al.,
2003; McAinsh et al., 2003; Meraldi et al., 2006). Recent
studies of mammalian and Drosophila CenH3 purified
from tissue culture cells have also identified multiple pro-
tein factors interacting with CenH3 in the unincorporated
state or in centromeric nucleosomes (Foltz et al., 2006;
Izuta et al., 2006; Furuyama et al., 2006). In addition, bio-
physical studies have shown that a domain of CenH3 that
is required for its centromere localization is more compact
and conformationally rigid than conventional H3 within the
subnucleosomal [H3-H4]2 tetramer (Black et al., 2004).
Centromeres of the budding yeast Saccharomyces cer-
evisiae consist of a genetically defined, 125 bp CEN DNA
sequence that directs association of three DNA-binding
factors, CBF1, CBF3, and Mif2, all coexisting in close
proximity to a centromeric nucleosome that contains
Cse4, the CenH3 histone of budding yeast (Stoler et al.,Cell 129, 1153–1164, June 15, 2007 ª2007 Elsevier Inc. 1153
1995; Smith et al., 1996; Meluh et al., 1998). These four
CEN-specific protein factors form the foundation of a large
assembly of multiprotein kinetochore subcomplexes (the
NDC80, COMA, MIND, and SPC105 complexes) linking
centromeric DNA to spindle microtubules (Westermann
et al., 2003; McAinsh et al., 2003; Meraldi et al., 2006).
CEN-specific factors also direct the association of cohe-
sin proteins that help maintain the integrity of duplicated
centromeres in the face of opposing microtubule tension
(Blat and Kleckner, 1999; Tanaka et al., 1999; Megee
et al., 1999; Weber et al., 2004). However, despite sub-
stantial advances, many questions remain regarding the
structure of the kinetochore, and, in particular, the archi-
tecture of the Cse4-containing nucleosomes in centro-
meric chromatin.
In a search for Cse4-interacting proteins in yeast
extracts, we identified Scm3, a novel nonhistone protein
that binds to and colocalizes with Cse4 at centromeres.
The SCM3 gene is essential for viability, and analysis of
conditional mutants shows that Scm3 is required for
the centromeric association of Cse4 and for chromo-
some segregation. Strikingly, bacterially expressed
Scm3 binds specifically to Cse4-H4 in vitro to form a
stoichiometric complex, and Scm3 binding can replace
H2A-H2B dimers from preassembled Cse4-containing
histone octamers. The incompatibility between Scm3
and H2A-H2B in the same protein complex is correlated
with a deficiency of histones H2B, H2A, and H2AZ at the
centromere in vivo. These findings suggest a model in
which nonhistone Scm3 substitutes for histones H2A-
H2B, forming a nucleosome that may be specialized for
kinetochore assembly.
RESULTS
Cse4 Physically Interacts with Scm3
To identify proteins interacting with Cse4, we engineered
an allele encoding an N-terminal Flag epitope tag into
the episomally maintainedCSE4 gene in a null cse4 strain.
Whole-cell extracts from cells expressing this allele were
examined for proteins that were specifically coisolated
with Cse4-Flag through immunoaffinity purification after
stringent digestion with micrococcal nuclease. Given the
low abundance of Cse4 relative to other histone variants
such as histone H2AZ, we anticipated that the spectrum
of coprecipitating proteins would be dominated by non-
specific proteins binding to the anti-Flag agarose beads.
Indeed, as analyzed by SDS-PAGE and silver staining,
no substantial differences could be observed when
proteins interacting with Cse4-Flag were compared to
a mock precipitation using cell extracts in which Cse4
was untagged (Figure S1). However, protein identification
by microcapillary reverse-phase HPLC nano-electrospray
tandem mass spectrometry (mLC/MS/MS) revealed two
peptides (11% coverage) that were pulled down from
only Cse4-Flag cell extracts, thereby identifying Scm3/
YDL139C (SGD) as a potential interacting protein (Table
S1). We confirmed the interaction between Cse4 and1154 Cell 129, 1153–1164, June 15, 2007 ª2007 Elsevier Inc.Scm3 by reciprocal coimmunoprecipitation experiments.
As shown by western blotting, epitope-tagged Scm3-
Flag pulled down Cse4 from cell extracts, while Cse4-
Flag pulled down Scm3 (tagged with the HA epitope;
Figure 1B). Importantly, Scm3-Flag failed to pull down
the abundant conventional histone H3 from cell extracts,
indicating that the observed interaction with Cse4 is
specific (Figure 1C).
Scm3 Colocalizes with Cse4 at Centromeres
SCM3 was previously identified as a high-copy allele-
specific suppressor of cse4 histone fold mutations (Chen
et al., 2000). Together with our finding that Scm3 associ-
ates with Cse4 in vivo, these results suggested that
Scm3 might be a previously unrecognized component of
the kinetochore. To test this model we constructed an al-
lele of SCM3 encoding a functional Myc-epitope-tagged
protein and analyzed the association of Scm3-myc with
chromatin and chromosomes. We first examined Scm3-
myc occupancy at centromeres by formaldehyde cross-
linking and chromatin immunoprecipitation (ChIP). The
results show that Scm3-myc is enriched at both the
CEN3 DNA locus (Figure 2A) and the CEN4 DNA locus
(Figure 2B). Thus, Scm3-myc is a physical component of
centromere chromatin, and its pattern of occupancy at
CEN DNA matches that of Cse4 itself (Figure 4). To obtain
a more global picture of Scm3 distribution, we examined
its localization in chromosome spreads using double im-
munofluorescence staining for Scm3-myc and Cse4.
These assays revealed that the strong major foci of
Scm3-myc fluorescence colocalized with the focal distri-
bution of Cse4 at centromeres (Figure 2C). Thus, Scm3
Figure 1. Cse4 Physically Associates with Scm3
(A and B) Scm3 and Cse4 reciprocally coimmunoprecipitate. Yeast
extracts from strains with genotypes CSE4 SCM3-Flag and CSE4-
Flag SCM3-HA were incubated with anti-Flag agarose beads, and
bound proteins were analyzed by western blotting using antibodies
against either Cse4 or the HA epitope, respectively. Scm3 is some-
times observed as a doublet, as seen in (B), which may reflect post-
translational modification(s) of the protein.
(C) Scm3 binds to Cse4 preferentially over histone H3. Yeast extract
from a CSE4 SCM3-Flag strain was incubated with anti-Flag agarose
beads, and bound proteins were analyzed by SDS-PAGE along with
serial dilutions of the input extracts. Western blots were analyzed using
antibodies against Cse4 (top) and histone H3 (bottom).
Figure 2. Scm3 Colocalizes with Cse4 at Centromeres
(A and B) Scm3 is preferentially crosslinked at CEN3 and CEN4. ChIP assays were analyzed by PCR using primers for the DNA segments spanning
CEN3 and CEN4 as shown. A segment of the HSC82 proximal promoter, containing a positioned canonical nucleosome, was assayed as an internal
normalization control (‘‘Hsc82’’). The bar graphs below each panels show the%IP of each PCR fragment relative to input DNA control. Data represent
the average of three independent ChIP experiments ± SD.
(C) Scm3 colocalizes with Cse4 in cells. Nuclear spreads of cells expressing either untagged Scm3 (‘‘Untagged Control’’) or Scm3 tagged with 13
copies of the Myc epitope (‘‘Scm3-myc’’) were stained for DNA content (‘‘DAPI’’), Cse4 (‘‘a-Cse4’’), and Scm3 (‘‘a-Myc’’). Close-ups of the Cse4 and
Myc fluorescence images are shown in the inserts within the merged panels.is clearly a specific chromatin component at theCENDNA
loci of at least two different chromosomes, and the major
signal of Scm3-myc fluorescence colocalizes with Cse4
at centromeres.Scm3 Is Required for Cell-Cycle Progression
and Chromosome Segregation
To analyze the cellular roles of Scm3, we constructed
a conditional loss-of-function allele, scm3-td, encodingCell 129, 1153–1164, June 15, 2007 ª2007 Elsevier Inc. 1155
Scm3 protein tagged with a temperature-sensitive degron
(Dohmen et al., 1994). The transcription of this allele was
placed under the control of a Tet-repressible promoter
(Belli et al., 1998). In the presence of doxycycline the
transcription of scm3-td is repressed, and at elevated
temperature the degron fusion targets Scm3-td protein
for degradation. Under these conditions greater than
90% of the protein is rapidly degraded within 30 min fol-
lowing the shift to growth at 37C (Figure 3A). In contrast,
the cellular level of Cse4 remained constant, and the inner
Figure 3. Loss of Scm3 Causes Cell-Cycle Arrest and
Segregation Defects
(A) Degron-tagged Scm3 is rapidly degraded under restrictive condi-
tions. Upper panel: IP and western blotting analysis of Scm3-td. Cells
with the scm3-td degron allele under permissive conditions at 25C
were shifted to 37C in the presence of galactose and doxycycline to
repress scm3-td transcription and induce degradation of Scm3-td
protein. Samples were taken at the times shown. Following 2 hr at
restrictive conditions, the cells were returned to growth in recovery
conditions at 30C for an additional three hours (‘‘Recovery’’). Single
Myc-tagged Scm3-td fusion protein was immunoprecipitated from
cell extracts with anti-Myc antibody. Precipitates were then analyzed
by western blotting with antibody raised against full-length, bacterially
expressed Scm3. Acid-extracted fractions of the same extracts were
used for western blot analysis to assess the levels of the Cse4 protein
upon depletion of Scm3. For Ndc10, extracts were prepared from an
isogenic strain carrying a V5-tagged Ndc10 and immunoprecipitated
with anti-V5 antibody followed by western blotting and detection with
anti-V5. Equivalent amounts of protein extracts were used for the im-
munoprecipitation and western blot analysis, as judged by Coomassie
blue staining. A slight decrease (30%) in full-length Ndc10 protein
upon Scm3 depletion was accompanied by the appearance of a
shorter form, possibly resulting from proteolysis (data not shown).
(B) Degradation of Scm3-td causes cell-cycle arrest and missegrega-
tion. Haploid scm3-td cells were grown at permissive, restrictive, and
recovery conditions as in (A). Cells were collected at the times indi-
cated, fixed, stained for DNA content, and analyzed by flow cytometry.
For permissive and restrictive conditions, the cell histograms are
shown, and the proportion of cells in G1, S, and G2+M are plotted at
half scale (red, blue, and green, respectively). For the recovery sam-
ples, estimates of cell-cycle phases were not possible. Instead, the
histogram of cells following 3 hr of recovery is presented in black
and overlaid on the permissive and restrictive histograms, presented
in gray, for comparison.1156 Cell 129, 1153–1164, June 15, 2007 ª2007 Elsevier Inc.kinetochore protein Ndc10 showed a 30% decrease.
When cells were returned to permissive conditions for an
additional three hours, we observed a recovery in the
amount of Scm3-td to roughly 65% of the original level
(Figure 3A).
When exponentially growing scm3-td cultures were
shifted to nonpermissive conditions for 2 hr to deplete
Scm3-td, the cells arrested cell division in two popula-
tions—one inG1phasewith 1CDNAcontent and a second
in G2/M with a 2C DNA content (Figure 3B). Examination
of the G2/M population of the arrested cells by indirect
immunofluorescence revealed that these cells arrested
with a large bud and a short mitotic spindle, characteristic
of spindle-kinetochore checkpoint activation, and that
cells in anaphase were absent from the population (data
not shown). Cells arrested by depletion of Scm3-td were
able to recover following their return to permissive growth
conditions. However, examination of the recovered
population by flow cytometry showed the presence of
cells with aberrant DNA contents (Figure 3B). In particular,
we observed a peak of cells with less than 1C DNA con-
tent and a trailing spread of cells with greater than 2C
DNA content. These results indicate defects in chromo-
some segregation following depletion and subsequent
re-expression of Scm3.
Scm3 Is Required for the Centromeric Binding
of Cse4 and Kinetochore Proteins
The physical association of Scm3 with CEN DNA and the
defects in chromosome segregation when Scm3-td is de-
pleted prompted us to examine the consequences of that
depletion on other kinetochore components. At the per-
missive temperature, we observed occupancy of Cse4
at centromeric sequences at CEN3 and CEN4 but not
the surrounding 1 kb of pericentric DNA, consistent with
previous findings (Meluh et al., 1998; Glowczewski et al.,
2000; Crotti and Basrai, 2004; Figures 4A and 4B). Histone
H3 is absent from CEN3 and CEN4, as expected because
of its replacement with Cse4. However, within 90 min at
the nonpermissive temperature Cse4 binding at CEN3
and CEN4 was substantially decreased or eliminated,
while the pericentric association of conventional histone
H3 remained normal (Figures 4A and 4B). (Interestingly,
histone H3 remains undetectable at the centromere fol-
lowing Scm3 depletion and loss of Cse4.) We also found
that the conditional depletion of Scm3 resulted in de-
creased binding of the kinetochore proteins Cep3, Cbf1
(Figures 4C and 4D), Mif2, and Ndc10 (Figure S3A and
S3B), consistent with previous findings that Cse4 has an
important role in the assembly or maintenance of many
components of the kinetochore (Collins et al., 2005).
Taken together, these results show that Scm3 is required
for the assembly or maintenance of Cse4 and other inner
kinetochore proteins at centromeres. In addition, there is
a striking deficiency of histone H2B at CEN3 and CEN4
but not at pericentric regions under all conditions (Figures
4A and 4B; see also below).
Figure 4. Scm3 Is Required for Centromeric Binding of Cse4 and Other Inner Kinetochore Proteins
(A) ChIP analysis of Cse4 at CEN3 following Scm3-td depletion. Cultures of scm3-td cells were shifted to restrictive conditions to induce degradation
of Scm3 and sampled at 0, 1.5, and 3.0 hr. ChIP was performed using polyclonal antibody against bacterially expressed Cse4, histone H3, or histone
H2B. Samples were analyzed by PCR across the CEN3 locus as in Figure 2A.
(B) ChIP analysis of Cse4 at CEN4. The association of Cse4, histone H3, and histone H2B with CEN4 was assayed as described in panel (A).
(C and D) Cbf1-Flag andCep3-Flag are depleted fromCEN3 in the absence of Scm3. Cultures of scm3-td cells were grown at restrictive conditions for
2 hr. ChIP was performed with anti-Flag antibodies and analyzed at CEN3 as above. Similar results were obtained for Mif2 and Ndc10 (See Figures
S3A and S3B).
The bar graphs below the panels show the %IP of each PCR fragment relative to input DNA. Data represent the average of three independent ChIP
experiments ± SD.Cell 129, 1153–1164, June 15, 2007 ª2007 Elsevier Inc. 1157
Figure 5. Bacterially Expressed Scm3
Forms a Stoichiometric Complex with
Cse4 and Histone H4
(A) His6-Scm3 pulls down Cse4-H4 but not H3-
H4. Approximately equimolar amounts of puri-
fied bacterially expressed His6-Scm3 were
mixed and incubated with either bacterially ex-
pressed Cse4-containing octamers (lanes 1
and 3) or H3-containing octamers (lanes 7
and 9) in 2 M NaCl, 10 mM Tris-HCl, pH 7.2.
The incubation was either at 4C overnight or
at 30C for 60 min. Scm3-associated com-
plexes were then affinity purified by binding to
Talon beads, eluted with 200 mM imidazole,
and analyzed by SDS-PAGE (lanes 4 and 10).
Cse4-containing octamers alone were also in-
cubated with Talon beads under identical con-
ditions to assess background binding and oc-
tamer integrity (lanes 5 and 6).
(B) Scm3, Cse4, and H4 form a complex in
a 1:1:1 ratio. A fixed amount (1 mg) of His6-
Scm3 was mixed with increasing amounts of
Cse4-H4 tetramers in 2MNaCl to give input ra-
tios of 0.25 to 10.0 as indicated. Scm3-associ-
ated complexes were affinity-purified and ana-
lyzed by SDS-PAGE as above. After staining
with SYPRO orange and fluorescence imaging,
protein bands were quantified using ImageQuant software. Bound protein ratios were calculated on a molar basis. Plots show the molar ratios of the
bound proteins against the input Cse4-H4: Scm3 molar ratios.
(C) Size fractionation of reconstituted Scm3-Cse4-H4 complex. The Scm3-Cse4-H4 complex was reconstituted from individually purified proteins
(see Experimental Procedures). Reconstituted samples were fractionated on a 2.4 ml Superdex 200 PC 3.2/30 gel filtration column (Amersham Bio-
sciences) on a SMART system (Pharmacia Biotech). Samples (50 ml load) were run in refolding buffer (2 MNaCl, 10 mM Tris-HCl, pH 7.5, 1 mM EDTA,
2 mM b-mercaptoethanol) at a flow rate of 40 ml per minute, and 60 ml fractions were collected starting at 20 min. Fractions 1–14 were analyzed by
SDS-PAGE and Coomassie blue staining. Top: fractionation of the Scm3-Cse4-H4 reconstitution mixture. Middle: rerun of fractions 9 and 10 from the
top panel. Bottom: reconstitution and size fractionation of purified bacterially expressed Scm3, H3, and H4 proteins under identical conditions. The
positions of protein molecular weight markers run under identical conditions are indicated.
(D) Plot of molecular weight markers against Superdex 200 fractions with the approximate position of the Scm3-Cse4-H4 complex indicated.Bacterially Expressed Scm3, Cse4, and Histone H4
Form a Stoichiometric Complex
The physical interaction and colocalization of Scm3 with
Cse4 indicate that the two proteins should be closely
associated but do not distinguish between direct and
indirect binding. To address this question we expressed
recombinant core histones H2A, H2B, H3, H4, Cse4,
Scm3, and hexahistidine-tagged Scm3 (His6-Scm3) in
bacterial cells (Figure S5). Purified proteins were used to
reconstitute canonical histone octamers containing H3,
H4, H2A, and H2B in 2 M NaCl (where stable histone
octamers form in the absence of DNA) as well as variant
octamers containing Cse4, H4, H2A, and H2B, a complex
equivalent to human CENP-A octamers reported previ-
ously (Yoda et al., 2000; Figure S5). Using these com-
plexes, we asked how His6-Scm3 interacted with each
kind of octamer. Remarkably, when incubated with Cse4-
containing octamers in 2 MNaCl, a pull-down assay using
Talon beads showed binding of His6-Scm3 specifically to
Cse4 and H4, but no binding to histones H2A and H2B
was observed (Figure 5A). Importantly, pull down of core
histones was not detectable upon incubation of His6-
Scm3 with conventional histone octamers, indicating
that binding to Scm3 is dependent on the Cse4 variant
(Figure 5A). Titration of Cse4-H4 tetramers against a fixed1158 Cell 129, 1153–1164, June 15, 2007 ª2007 Elsevier Inc.level of His6-Scm3 revealed a 1:1:1 Scm3:Cse4:H4 ratio
at maximal binding even with a 10-fold excess of Cse4-
H4 tetramers (Figure 5B). These results indicate that the
interaction between Scm3 and Cse4-H4 is both direct
and stoichiometric.
Next we examined the binding of Scm3, Cse4, and H4
in the absence of histones H2A and H2B. As shown by
gel filtration chromatography in 2 M NaCl, a stable
Scm3-Cse4-H4 complex with 1:1:1 stoichiometry was
isolated after reconstitution from individual polypeptides
(Figure 5C, top and middle). In contrast, mixing Scm3
with histones H3 and H4 led to aggregation and failed to
produce a discrete complex of the three proteins (Fig-
ure 5C, bottom). We conclude that Scm3, Cse4, and
histone H4 are necessary and sufficient for the in vitro
reconstitution of a heteromeric complex.
Scm3 Replaces H2A-H2B from Preassembled
Cse4-Containing Octamers
To investigate the disappearance of histones H2A and
H2B from Cse4-containing octamers upon His6-Scm3
binding (as shown in Figure 5A), we analyzed the free frac-
tion after removal of proteins bound to the metal-affinity
resin. As shown by gel filtration chromatography in 2 M
NaCl, two clearly defined protein complexes could be
observed: the larger representing the unbound fraction of
Cse4-containing histone octamers and the smaller com-
plex revealing free histone H2A-H2B dimers that were ev-
idently lost from the Cse4-containing octamer (Figure 6A).
A control experiment in which Scm3 was omitted but
Cse4-containing octamers were otherwise identically
treated validated the integrity of the octamer in these exper-
Figure 6. Binding of Scm3 to a Cse4-Containing Octamer
Replaces H2A-H2B Dimers
(A) PurifiedHis-Scm3was incubatedwith recombinant Cse4-containing
octamer (‘‘Input’’) as in Figure 5A. After pull down of Scm3-associated
complex using Talon beads, the unbound material (Flow-Through
‘‘FT’’) was subjected to Superdex 200 gel filtration and analyzed as
described in Figure 5C. Superdex 200 fractions 5–16 are shown. Ex-
cess Cse4-octamer was recovered in fractions 7–10, while free histone
H2A-H2B dimers were recovered in fractions 13–15.
(B) Bacterially expressed Cse4-containing octamers were analyzed
alone as in (A). In the absence of Scm3, free histone H2A-H2B dimers
are not observed.
(C) A conserved region of Scm3 is sufficient for binding to Cse4-H4 and
for replacing H2A-H2B. Purified His6-Scm3 subfragments were incu-
bated with recombinant Cse4-containing octamers and affinity puri-
fied on Talon beads. The SDS-PAGE profiles of the input, bound,
and unbound (FT) fractions are shown for each Scm3 subfragment.
Optimal binding and H2A-H2B dimer replacement maps to amino
acid residues 90–193 of Scm3 (His6-Scm3(90-193)).iments, showing the absence of any free histone H2A-H2B
dimers (Figure 6B). Hence, these results show that the
binding of Scm3 replaces histone H2A-H2B dimers from
preassembled Cse4-containing octamers.
To determine the region of Scm3 responsible for binding
Cse4-H4 tetramers and displacing H2A-H2B dimers, we
examined bacterially expressed subfragments of Scm3.
As shown by SDS-PAGE, His6-Scm3 residues 80–211
and 90–193 showed robust binding to histones Cse4-H4
and replacement of H2A-H2B. Residues 113–247 showed
moderate binding, while residues 1–113 completely failed
to bind to Cse4-H4 or replace H2A-H2B (Figure 6C). These
findings map the Cse4-interacting region of Scm3 to
residues 90–193. This domain is acidic (pI 4.74) and is pre-
dicted to adopt a secondary structure with high a-helical
content and some b sheet character. Interestingly, this is
the most conserved region among the fungal orthologs
of Scm3 (Figure S2).
Diminished Histone H2B, H2A, and H2AZ Occupancy
at the Centromere In Vivo
The striking exclusion of H2A-H2B dimers from the Scm3-
Cse4-H4 complexes in vitro raised the provocative possi-
bility that Scm3 might also replace H2A-H2B dimers in
a Scm3-Cse4-H4 complex at the inner kinetochore. A pre-
diction of this model is that H2A-H2B dimer occupancy at
CEN DNA should be diminished relative to pericentric
DNA sequences. The decreased presence of histone
H2B at CEN3 and CEN4 in the Scm3-td strain under
permissive conditions is consistent with this prediction
(Figures 4A and 4B, left panels). To test this prediction fur-
ther, we examined the occupancy of histones H2A-Flag,
H2AZ (Htz1), and H2B at CEN4 by ChIP (in a wild-type
SCM3 strain). We observed strikingly diminished occu-
pancy of histones H2A-Flag, Htz1, and H2B relative to
pericentric DNA sequences at CEN4 (Figure 7). (A similar
depletion of Flag-tagged histone H2B at CEN DNA was
also observed [data not shown].) Moreover, the occu-
pancy of histones H2A and Htz1 at CEN4 (in a scm3-td
strain) remained diminished when Scm3-td was elimi-
nated under restrictive conditions (Figure S4).
The Scm3 replacement model also predicts that his-
tones H2A, Htz1, and H2B should be depleted relative to
histone H4 specifically atCENDNA. To test this prediction
we assayed histone H4 occupancy across theCEN4 locus
by ChIP and found it to be readily detectable (Figure 7).
However, normalized to the immunoprecipitation observed
at flanking pericentric DNA, the recovery of histones H2A,
Htz1, and H2B at CEN4 was roughly 8-fold lower than
the recovery of histone H4 (Figure 7). Taken together,
our findings provide a strong argument in favor of a deple-
tion of H2A-H2B (and H2AZ-H2B) dimers in centromeric
nucleosomes, most likely caused by Scm3 binding.
DISCUSSION
Significant progress has been made recently in defining
the protein composition of centromeres, including theCell 129, 1153–1164, June 15, 2007 ª2007 Elsevier Inc. 1159
Figure 7. Diminished Histone H2A, Htz1,
and H2B Occupancy at CEN4
Histone H2A, Htz1, and H2B occupancy at
CEN4 are deficient relative to histone H4. The
panels represent ChIP results of all the histone
species across the CEN4 locus. The top-left
panel shows ChIP of histone H2A-Flag (the
sole source of this histone) using anti-Flag anti-
body. The remaining panels show ChIP exper-
iments using antibodies against histones Htz1,
H2B, H3, Cse4, and H4. PCR segments 1–7 are
as described in Figure 2A. The bar graphs
below each panel show the ratios of the values
for each histone to histone H4 normalized to
the average values obtained for segments
1,2,6, and 7 as ameasure of histone occupancy
in pericentric chromatin (except the Cse4/H4
ratio, which was normalized to segment 4).
The average of results from three independent
ChIP experiments ± SD is shown.point centromeres of budding yeast and the complex
regional centromeres of dipteran and mammalian cells
(Westermann et al., 2003; Obuse et al., 2004; Foltz et al.,
2006; Izuta et al., 2006; Furuyama et al., 2006). Here we
report the identification of Scm3 through the affinity puri-
fication and sequencing of Cse4-associated proteins.
Several lines of evidence argue that Scm3 is a novel com-
ponent of the inner kinetochore chromatin of S. cerevisiae.
Scm3 associates with Cse4 in vivo and can be coprecipi-
tated along with Cse4 in immunoaffinity purifications.
Reciprocally, Cse4 can be pulled down by immunoprecip-
itation of Scm3. Furthermore, we find that Scm3 can be
crosslinked in vivo to CEN DNA and colocalizes with
Cse4 at the congression of centromeres in nuclei. Finally,
scm3-td cells exhibit evidence of defects in chromosome
segregation.
Scm3 must function at or near the earliest known steps
in centromere assembly or maintenance, interdependent
with Ndc10 and Cse4. These latter two proteins are
codependent for centromere occupancy and are required
for the localization of the remaining known components
(Ortiz et al., 1999; Collins et al., 2005). Similarly, Scm3 is
required for the centromere localization of Cbf1, Mif2,
Cep3, and both Ndc10 and Cse4 themselves. Conversely,
we find that Ndc10 is required for the centromere associ-
ation of Scm3 (Figure S3D). Interestingly, Mif2 is not
required for the centromere occupancy of Scm3 (Fig-
ure S3C). This result is consistent with previous results
placing Mif2 between the middle kinetochore Mtw1 com-
plex and inner proteins Ndc10 and Cse4 (Meluh and
Koshland, 1997; Westermann et al., 2003). The failure of
histones to occupy CEN DNA following Scm3, Cse4,
and Ndc10 depletion is intriguing. It is possible that the
cell-cycle arrest of scm3-td outside of S phase precludes
efficient nucleosome deposition in the absence of new
histone synthesis (Figure 3B). Alternatively, depletion of1160 Cell 129, 1153–1164, June 15, 2007 ª2007 Elsevier Inc.the core factorsmay cause a structural change that blocks
new deposition. In any case, these observations suggest
that Scm3, Ndc10, and Cse4 function together to nucleate
kinetochore structure, facilitating association of the other
protein complexes. The order of assembly of these pro-
teins on CEN DNA in vivo and the underlying biochemical
mechanisms should be of great interest for future studies.
The pathways of CenH3 deposition and centromere
assembly are complex and differ among organisms
(Amor et al., 2004; Okada et al., 2006; Furuyama et al.,
2006; Vos et al., 2006). In budding yeast, several factors
are known to affect Cse4 deposition in addition to the
CBF3 complex. These include the chromatin-assembly
factors CAF-1 andHir proteins (Sharp et al., 2002), the het-
erochromatin protein Sir1 (Sharp et al., 2003), ubiquitin-
dependent proteolysis (Collins et al., 2004), and the
chromatin-regulatory protein Spt4 (Crotti and Basrai,
2004). Interestingly, these factors are not essential for
Cse4 deposition per se but play important roles in assur-
ing the fidelity of deposition, helping to restrict its localiza-
tion to CEN DNA. In contrast, SCM3 is an essential gene
and in the absence of Scm3 protein Cse4 fails to occupy
CEN DNA.
The arrest of cells at G2/M following degradation of
Scm3-td is similar to that observed when Cse4-td is de-
pleted (Gardner et al., 2001; Collins et al., 2005). However,
we also observed a proportion of scm3-td cells which
arrest in G1 with a 1C DNA content, a phenotype not
seen for cse4-td cells. The cause of this arrest is currently
unknown but suggests that Scm3 may have functions in
addition to its interaction with Cse4. Consistent with this
idea, we observed a few weak foci of Scm3-myc staining
that did not colocalize with Cse4 in chromosome spreads
(Figure 2B and data not shown). Skp1 provides the prece-
dent for an inner kinetochore protein with alternate func-
tions in the cell. Like SCM3, SKP1 is also an essential
gene, and cells with a conditional skp1 allele arrest cell-
cycle progression predominantly in G1 (Connelly and
Hieter, 1996). Skp1 is a subunit of CBF3 required for kinet-
ochore assembly, but it is also a subunit of several other
protein complexes, including SCF ubiquitin ligase and
RAVE, a complex that regulates assembly of the vacuolar
ATPase (Connelly and Hieter, 1996; Bai et al., 1996; Seol
et al., 2001). Alternatively, it has been noted that certain
cse4 mutants fail to arrest normally in G1 in the presence
of the mating pheromone a factor (Collins et al., 2005).
Thus, it is also possible that the G1 arrest of scm3-td
reflects an unknown regulatory pathway more directly
related to kinetochore assembly.
The results of crosslinking, sedimentation, and gel filtra-
tion experiments first defined the structure of the histone
core complex in solution as an association of three ther-
modynamic components: one H3-H4 tetramer and two
H2A-H2B dimers (Kornberg and Thomas, 1974; Eickbush
and Moudrianakis, 1978; Godfrey et al., 1980). As shown
here, Cse4 can replace H3 in this conventional octamer,
as has been demonstrated for CENP-A previously (Yoda
et al., 2000). Remarkably, the addition of Scm3 protein
to Cse4-containing octamers results in the formation of
a new Scm3-Cse4-H4 complex with the loss of H2A-
H2B dimers. Previous biochemical and genetic results
have shown that CenH3 and histone H4 assemble into
a heterotypic tetramer in vivo and in vitro (Shelby et al.,
1997; Chen et al., 2000; Glowczewski et al., 2000; Black
et al., 2004). Thus, we speculate that our Scm3 complex
is made up of one [Cse4-H4]2 tetramer and two Scm3
monomers—that is, a hexamer—based on the stoichiom-
etry of the complex and its apparent molecular weight
(115–130 kDa, assuming globular conformation and esti-
mated using gel filtration markers; Figure 5D). Even at
excess Cse4-containing octamer we do not observe any
evidence of a mixed complex containing one Scm3
subunit and one H2A-H2B dimer, suggesting a positive
cooperativity for Scm3 binding as has been measured
for H2A-H2B dimers in the conventional octamer (Godfrey
et al., 1980).
Several alternate models have been proposed for the
organization of the centromere nucleosome of budding
yeast, including a recent molecular model (Meluh et al.,
1998; Keith and Fitzgerald-Hayes, 2000; Bloom et al.,
2006). So far, however, it has been difficult to reconcile
any one of these models with all of the known genetic
and biochemical features (Smith, 2002). For example,
both CBF1 and CBF3 induce significant bending of DNA
at their target sequences (Niedenthal et al., 1993; Pietra-
santa et al., 1999). Since these two binding sites are only
separated by approximately 80 bp, it is not straightfor-
ward to account for the binding of both factors on a con-
ventional nucleosome of 146 bp. Our results suggest that
the assumption of a conventional histone core octamer at
the kinetochore of budding yeast may not be correct. The
specificity of Scm3 for the Cse4-H4 tetramer, the exclu-
sion of H2A-H2B dimers from the complex in vitro, and
the colocalization of Scm3 and Cse4 in vivo all raise thepossibility that CEN DNA in budding yeast may be bound
by a rather more unusual hexameric core complex in
which Cse4 replaces H3 in the tetramer and Scm3 re-
places H2A-H2B as the dimers. In this context, the original
high-copy suppression phenotype of Scm3 may be inter-
preted as a result of increased Scm3 protein driving its in-
teraction with an interface of Cse4 weakened by mutation
(Chen et al., 2000).
Our ChIP results are consistent with this new model.
Using both a polyclonal antibody and an epitope tag, the
crosslinking of H2B at CEN DNA relative to flanking peri-
centric DNA was 8-fold lower than that of histone H4
(detection of histoneH4byChIPwas enabled by a recently
available antibody; see Experimental Procedures). We
also observed a similar depletion of histones H2A and
H2AZ relative to histone H4 at CEN DNA but not at
pericentric regions, consistent with a previous report
(Krogan et al., 2004). Therefore, we propose that a
centromere-specific complex lacking H2A-H2B dimers
exists, which reconciles both our in vitro and in vivo
results.
The composition of bulk CenH3 nucleosomes has been
determined for Drosophila and human cells and found to
contain histones H4, H2A, and H2B, but not histone H3
(Blower et al., 2002; Foltz et al., 2006). Sequence align-
ment searches indicate that obvious Scm3 orthologs
appear to be restricted to the fungi, including, interestingly,
Candida albicans and the fission yeast Schizosaccharo-
myces pombe, which both possesses a metazoan-like
regional centromere (Meraldi et al., 2006; Figure S2). Cen-
tromere proteins face strong evolutionary selective pres-
sures, and functional orthologs of Scm3 may be present
in higher eukaryotes but no longer easily recognized by
sequence analysis (Malik and Henikoff, 2002; Dawe and
Henikoff, 2006; Meraldi et al., 2006).
Several observations suggest that the Scm3-Cse4-H4
kinetochore complex proposed here may be relevant for
the centromeres of fission yeast and higher eukaryotes.
The kinetochores of regional centromeres are thought to
be assembled from simpler repeated subunits (Zinkowski
et al., 1991; Blower et al., 2002). Although centromeric
CenH3 chromatin may span megabases of DNA in higher
eukaryotes, there are only approximately 25–30 microtu-
bule-binding sites per centromere, each of which may
be comparable to the single kinetochore of budding yeast
(Meluh et al., 1998; Bloom et al., 2006). The overexpres-
sion and misincorporation of CenH3 into noncentromere
chromatin is able to recruit many centromeric proteins to
ectopic sites but is extremely inefficient at establishing
ectopic kinetochore function (VanHooser et al., 2001; Col-
lins et al., 2004; Heun et al., 2006). Nevertheless, expres-
sion of budding yeast Cse4 is able to functionally comple-
ment the loss of CENP-A in human cells (Wieland et al.,
2004). Thus, while regional centromeres of fission yeast,
flies, and human may have an overall chromatin architec-
ture different from the point centromeres of budding yeast
(Blower et al., 2002; Schueler and Sullivan, 2006), we pos-
tulate that CenH3 and H4 may associate with a Scm3-likeCell 129, 1153–1164, June 15, 2007 ª2007 Elsevier Inc. 1161
nonhistone protein at the few sites of ‘‘active’’ kinetochore
chromatin amidst nucleosomes containing CenH3, H4,
H2A, and H2B that constitute the bulk of centromeric
chromatin in general (Blower et al., 2002; Black et al.,
2004).
EXPERIMENTAL PROCEDURES
Yeast Strains
The yeast strains used in this study are listed in Table S2. All strains are
derived from W1588-4C which is congenic to W303-1A except for the
reversion of a weak rad5 allele to wild-type in W1588-4C. Details of the
individual strain constructions are provided in Supplemental Experi-
mental Procedures. Additional information on yeast plasmids and
the yeast strains used in this study are available from Gaku Mizuguchi
upon request.
Antibodies
Polyclonal rabbit and guinea pig antibodies against full-length Cse4
and Scm3 proteins for ChIP or western blotting were generated using
purified bacterially expressed proteins (Cocalico Biologicals Inc.).
Rabbit anti-Htz1 and anti-H2B antibody were generated as described
previously (Wu et al., 2005; Luk et al., 2007). Requests for antibodies
should be directed to J.W. (wisniewj@mail.nih.gov). Rabbit anti-Cse4
polyclonal antibody used for immunofluorescence microscopy was
a gift from Dr. Sue Biggins. Commercial antibodies used for western
blotting and ChIP included anti-HA (3F10; Roche), anti-Flag M2
(Sigma-Aldrich), anti-H3 (ab1791; Abcam), anti-H4 (#05-858; Upstate),
anti-Myc (4A6; Upstate), anti-Myc agarose (A7470, Sigma-Aldrich),
anti-tubulin (YOL1/34; Serotec), anti-V5 (ab15828; Abcam), anti-V5
rabbit polycolonal agarose beads (ab27028; Abcam), and mono-
colonal anti-V5-HRP conjugates (R961-25; Invitrogen). Secondary
antibodies for immunofluorescence microscopy included donkey
anti-mouse IgG, goat anti-rabbit IgG, and goat anti-rat IgG conjugated
to AlexaFluor 488 or 594 (Invitrogen).
Purification and Identification of Cse4-Associated Proteins
Proteins associated with Cse4 were isolated from MBY309 and
MBY314 that expressed Flag-tagged Cse4 using single-step anti-Flag
immunoaffinity purification of whole yeast extracts with anti-FLAG
M2 agarose beads (Sigma-Aldrich). Purification was carried out essen-
tially as described previously (Mizuguchi et al., 2004) except that the
protein-bound beads were washed with 0.2 M KCl and were treated
with micrococcal nuclease (Nuclease S7, 1 U/ml; Roche) for 15 min
at 25C. The Flag-beads-bound proteins were subsequently eluted
with 23 SDS-PAGE sample buffer and were resolved by 15% SDS-
PAGE (Figure S1). Protein sequence analysis was performed at the
Harvard Microchemistry Facility on a Finnigan LCQ quadrupole ion
trap mass spectrometer. Peptide sequence data are available from
G.M. (mizugucg@mail.nih.gov) upon request.
Use of the scm3-td Degron Strains
Asynchronous cultures of scm3-td and control SCM3 strains were
grown at 24C in YP medium containing 2% raffinose (YPRaf) plus
0.5 mg/ml doxycycline. Degradation of Scm3-td was initiated by trans-
ferring cells to YP medium containing 2% galactose (YPGal) plus 0.5
mg/ml of doxycycline and incubating at 24C. After 45 min incubation,
cultures were adjusted to 20 mg/ml of doxycycline and shifted to
growth at 37C (t = 0 min). Samples were taken at intervals following
the shift to 37C. For analysis of recovery, cells were collected,
washed, resuspended in YP medium contain 2% glucose in the
absence of doxycycline, and incubated for 3 hr at 30C. Immuno-
precipitation of Scm3-td from scm3-td degron yeast cells and western
blotting analysis of Scm3-td were performed as described in Supple-
mental Experimental Procedures.1162 Cell 129, 1153–1164, June 15, 2007 ª2007 Elsevier Inc.Microscopy
The procedures used for nuclear spreads and microscopy of
the scm3-td strains are presented in Supplemental Experimental
Procedures.
Synthesis and Purification of Recombinant Proteins
Recombinant histone H3, histone H4, histone Cse4, and Scm3 pro-
teins were expressed individually in E. coli and purified as described
(Luger et al., 1999). His6-Scm3 was purified using Talon beads (Clon-
tech). Recombinant histone H2A-H2B dimers were coexpressed in
E. coli, and details of their purification are provided in Supplemental
Experimental Procedures.
Reconstitution of Protein Complexes
Octamers containing histone H3 or Cse4 and Scm3-Cse4-H4 com-
plexes were reconstituted by unfolding in 7 M guanidine-HCl and
refolding in 2 M NaCl following established protocols (Luger et al.,
1999). Details of reconstitutions are provided in Supplemental Experi-
mental Procedures. Expression clones are available from H.X. (xiaoh@
mail.nih.gov) upon request.
ChIP
ChIP experiments were carried out as described previously (Hecht and
Grunstein, 1999; Nakayama et al., 2000). The coordinates of the PCR
fragments assayed across the CEN3 and CEN4 regions are listed in
Supplemental Experimental Procedures. All ChIP experiments were
performed in triplicate, starting from independent cell cultures. The
% IP value is shown by bar graph of the averages with error bars.
Supplemental Data
Supplemental Data include Experimental Procedures, References,
two tables, and five figures and can be found with this article online
at http://www.cell.com/cgi/content/full/129/6/1153/DC1/.
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